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U] FIELD OF THE INVENTION 

15^ The present invention relates to semiconductor integrated circuit devices, and more 

Y2 particularly to forming super self-aligned hetero-j unction bipolar transistors. 

BACKGROUND OF THE INVENTION 

Bipolar transistors are commonly used in semiconductor devices, especially for high-speed 
operation and large drive current and low 1/f noise applications. Largely because of these features, 
20 heteroj unction bipolar transistors (HBTs) are used in products such as integrated switching devices 
and microwave devices, e.g., in wireless communications, satellite direct broadcast systems, 
automobile collision avoidance systems, global positioning systems, and other high-frequency 
applications. Heteroj unction bipolar transistors (HBTs) theoretically provide advantages over 
conventional homojunction bipolar transistors by providing a heteroj unction between a base and 
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emitter of a transistor. A heteroj unction is formed between two dissimilar semiconductor materials 
and there will be a bandgap discontinuity between these two materials. A Silicon (Si) homojunction 
has no bandgap discontinuity at the junction. From the perspective of an NPN transistor, 
discontinuity in the valence band at the emitter base junction restricts hole flow from the baSgjjo 

5 the emitter, thus improving emitter injection efficiency and current gain. A discontinuity at the 
collector base junction outside the space charge region (SCR) can lead to charge pile-up and 
produce an undesirable buildup of minority carriers in the base. To the extent that injection 
efficiency and current gain improvements can be achieved, base region resistivity may be lowered 
(which lowers the base resistance) and emitter region resistivity may be raised (which lowers base- 
l£g emitter junction capacitance) to create fast transistors without significantly compromising other 

m device parameters. Such fast transistors would be useful for high speed digital, microwave and 

If! other integrated circuit and discrete transistor applications. 

\ r * In practice, HBT performance often falls far short of the theoretical expectations. One 

1|>=5 conventional Si-based HBT reduces the bandgap of the base region by creating a base material 
having a narrower bandgap than Si. In particular, a small amount of germanium (Ge) is mixed with 
Si in the base (Si~xGex), and the emitter is more purely Si. Unfortunately, the amount of bandgap 
difference (.DELTA.Eg) for as much as 20% Ge content in the base is only about 0.15 eV. This 
small .DELTA.Eg achieves only a small portion of the performance benefits that HBTs 
20 theoretically promise. 



Slight improvements in HBT performance have been achieved by using materials other than 
Si for the emitter of an HBT. Three emitter materials which have been investigated for use in HBT 

MAXM-265/SSK 2 PATENT 




transistors are silicon carbide (SiC), which has a bandgap of 2.93 eV, gallium arsenide (GaAs) 
which has a bandgap of 1.42 eV, and gallium phosphide (GaP), which has a bandgap of 2.24 eV. 
Unfortunately, such materials have lattice constants which differ from Si. For example, SiC has a 
20% lattice mismatch, GaAs has a 4% lattice mismatch, and GaP has a 0.34% lattice mismatch. 
5 Likewise, such materials have thermal expansion coefficients which differ from Si. Si has a thermal 
expansion coefficient of around 2.6.times.l0.sup.-6 (.degree. C.)-l, while GaAs has a thermal 
expansion coefficient of around 6.7.times.l0.sup.-6 (.degree. C.)-l, and GaP has a thermal 
expansion coefficient of around 5.91.times.l0.sup.-6 (.degree. C.)-l. Because of these differences, 
only thin layers of these materials have been successfully grown on Si without the formation of 
1@D significant defects. The maximum thickness for a low defect layer of SiC grown on Si is only a few 
!^ angstroms (.ANG.) and for GaAs grown on Si is less than 200 .ANG.. At these thicknesses or less, 
H; strain which is caused by lattice mismatch is contained by lattice stretching rather than crystal 
\~ defects. Thinner, low-defect thicknesses of these materials do not possess a sufficient thickness to 
m protect the base-emitter junction from shorting due to diffusion of metal from the emitter contact 
lift region. Thicker, high-defect thicknesses of these materials exhibit degraded junction performance 
^ due to an excessive number of defects. 



The most successful HBT improvements to date are believed to have been achieved by 
forming a GaP layer over Si at the base-emitter junction. GaP is desirable because it has a relative 
20 large bandgap (i.e. about 2.24 eV) and little lattice mismatch with silicon (i.e. about 0.34%). 
Nevertheless, such conventional HBTs that use a GaP layer over Si still achieve only a small 
portion of the performance benefits that HBTs theoretically promise. The reason for this poor 
performance appears to be that a Si~GaP junction suffers from an unusually large amount of 
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interdiffusion, where the Ga and P readily diffuse into the Si, and vice-versa. The interdiffusion 
between Si and GaP results in a poor semiconductor junction, with the metallurgical junction being 
displaced from the electrical junction. Accordingly, the performance gains that are suggested by the 
wide bandgap difference between a Si base and a GaP emitter are not achieved in practice because 
5 the resulting diffuse junction negates those potential gains. 

In the field of photoelectric semiconductors, it is desirable to form compound structures 
using a Si substrate and direct gap semiconductor materials. A Si substrate is desirable for 
f □ mechanical stability and because a manufacturing infrastructure exists for reliably mass producing 
10D rugged Si wafers at relatively low cost. The Si substrate is typically an extrinsic part of the 
fy photoelectric semiconductor not used in forming intrinsic photoelectric semiconductor junctions. 

^ In an IEEE article entitled "Si/SiGe Epitaxial-Base Transistors — Part II: Process Integration 

\t and Analog Applications", written by D.L. Harame, J. H. Comfort, J.D. Cressler, E. F. Crabbe, J. 

In Y.-C. Sun, B. S. Meyerson and T. Tice, published in 1995, disclosed are conventional techniques 

15;^ for manufacturing super self-aligned transistors. 

Another prior art technique is disclosed in U.S. Patent 5,962,879 to Ryum et al. This Patent 
employs methods that are theoretically simple yet very difficult to perform in practice. Figures 4C 
and 4D show the plurality of layers that must be finely etched in order to create the transistor. It is 
also noted that the base region of this transistor is quite large and therefore unwanted diffusion and 
20 capacitance problems result. These unwanted effects will decrease the transistors power gain and 
frequency response. The process steps described in U.S. Patent 5, 962, 879 also allows silicide 
material to come in direct contact with the active base region and the removal of this material in the 
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active base regions (necessary to obtain a functional npn) is quite difficult without adding 
additional processing defects. 

Therefore, there is a need for a method for forming a super self-aligned heteroj unction 
bipolar transistor that still maintains favorable electrical characteristics. 

5 SUMMARY OF THE INVENTION 

The present invention solves the needs addressed above. The present invention provides a 
method for forming a super self-aligned heterojunction bipolar transistor. The method includes 
forming a buried layer in a silicon substrate, isolating by shallow trench isolation, diffusing the 
;j? collector contact, oxidizing the surface of the substrate, depositing a polysilicon layer with a 
iff, thickness approximately equal to the thickness of the silicon-germanium base, depositing a layer of 
\ y oxide, depositing a layer of nitride, forming an emitter window mask, etching the nitride layer 

previously deposited, etching the oxide layer previously deposited, etching the polysilicon layer 
IP that was previously deposited while being selective to the oxide and nitride, implanting a collector 
: ;Jj that is self-aligned with the emitter window opening, etching the polysilicon horizontally, wet 
15* etching the oxide layer, depositing the silicon-germanium layer selectively, depositing the emitter, 
patterning the emitter, etching the emitter polysilicon , etching the nitride, and implanting an 
extrinsic base. The critical step of the process is the horizontal etching of the polysilicon layer that 
allows the base region to be wider than the emitter and collector regions while maintaining the self- 
alignment of base-collector and emitter-base. This self-aligned base region, slightly larger than the 
20 selectively implanted collector and emitter region, provides a substantial improvement over prior 
art transistors. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects, features, and characteristics of the present invention will become 
apparent to one skilled in the art from a close study of the following detailed description in 
conjunction with the accompanying drawings and appended claims, all of which form a part of this 
application. In the drawings: 

FIG. 1A is a sectional view illustration of steps 1-6 of a method forming a super self- 
aligned heteroj unction bipolar transistor in accordance with one embodiment of the present 
invention. 

FIG. IB is an illustration of step 7 of forming an emitter window mask as part of the 
90 method for forming a super self-aligned heterojunction bipolar transistor in accordance with one 
embodiment of the present invention. 

: t=? 

; n 

FIG. 1C is an illustration of intermediate etching steps 8-10 of a method for forming a super 
^ self-aligned heterojunction bipolar transistor in accordance with one embodiment of the present 
m invention. 

FIG. ID is an illustration of step 11 of implanting a collector as part of the method for 
~ forming a super self-aligned heterojunction bipolar transistor in accordance with one embodiment 
of the present invention. 

FIG. IE is an illustration of etching step 12 in the method for forming a super self-aligned 
heterojunction bipolar transistor in accordance with one embodiment of the present invention. 

FIG. IF is an illustration of an additional etching step 13 in the method for forming a super 
self-aligned heterojunction bipolar transistor in accordance with one embodiment of the present 
invention. 
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FIG. 1G is an illustration of a selective SiGe step 14 in the method for forming a super self- 
aligned heterojunction bipolar transistor in accordance with one embodiment of the present 
invention. 

FIG. 1H is an illustration of emitter deposition, doping and patterning which represent steps 
15-16 in the method for forming a super self-aligned heterojunction bipolar transistor in accordance 
with one embodiment of the present invention. 

FIG. II is an illustration of steps 17-18 in the method for forming a super self-aligned 
heterojunction bipolar transistor in accordance with one embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PRESENTLY PREFERRED 
EXEMPLARY EMBODIMENTS 

As the present invention may be embodied in several forms without departing from the 
spirit or essential characteristics thereof, it should also be understood that the above-described 
embodiments are not limited by any of the details of the foregoing description, unless otherwise 
specified, but rather should be construed broadly within its spirit and scope as defined in the 
appended claims, and therefore all changes and modifications that fall within the metes and bounds 
of the claims, or equivalence of such metes and bounds, are therefore intended to be embraced by 
the appended claims. 

As is well known in the art, major components of a bipolar transistor include a base, an 
emitter and a collector. These types of transistors may take a variety of forms, including npn, pnp, 
lateral pnp. These transistors may be formed using a variety of methods. Such methods are 
described herein. 
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FIG. 1 A is an illustration of the initial steps of a method forming a super self-aligned 
heterojunction bipolar transistor in accordance with one embodiment of the present invention. 
FIG. 1 A illustrates the first portions of the processing stage in which a buried region 10 is formed 
in a silicon (Si) substrate. For an npn implementation, the substrate may be lightly doped P-type 
5 conductivity, and buried region 10 is heavily doped through a standard ion implantation process to 
exhibit N-type conductivity for the implementation. A shallow trench isolation region 20 is 
formed. The isolation region ensures that adjacent transistors do not electrically contact or interfere 
with each other and provides for low parasitic capacitance between layers isolated in this manner. 
The collector contact is diffused using conventional methods. As is known in the art, 
10p diffusion is the process by which impurity atoms, or dopants, are introduced into the silicon to 
If, change its dopant concentration. The rate of dopant diffusion in silicon is a strong function of 
IjI temperature. At high temperatures, such as 800 degrees Celsius to 1200 degrees Celsius, 
E impurities may be introduced into the silicon to obtain the desired doping. The piece of silicon is 
in generally cooled to room temperature and the motion of the impurity atoms becomes essentially 
lS] stationary. Diffusion may be performed in high -temperature furnaces. Dopants that may be used 
i== for this process include boron (P-type) and phosphorus, arsenic or antimony (N-type). In either the 
case of boron or phosphorus ,arsenic or antimony, the dopants may be effectively masked by thin 
silicon dioxide layers. When the boron is diffused into an N-type substrate, a PN junction may be 
formed, i.e., a diode. A phosphorus, arsenic or antimony diffusion in addition to, and subsequent 
20 to, the boron diffusion will produce an NPN structure. 

A surface oxide layer 30 would be created in step 3 is illustrated which allows the silicon to 
react with oxygen to form silicon dioxide. In order to quicken this oxidation process, silicon 
wafers may be heated to a temperature of 700 degrees Celsius to 1200 degrees Celsius, just as in 
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the diffusion process. Also as in the diffusion process, this heating process may be carried out 
using special furnaces. Handling of the wafers outside of the ovens should be carried out in a very 
clean environment. The oxidation process can be carried out with a wet oxide process or a dry 
oxide process. 

5 A polysilicon layer 40 is deposited onto the surface oxide layer in step 4 of the present 

process. At a later point in the process, a silicon-germanium layer will be deposited. The thickness 
of the silicon-germanium layer is known at the time of the deposition of the polysilicon layer 40. 
The thickness of the polysilicon layer is also determined by the thickness of the silicon-germanium 
layer to be later deposited. The thickness of this polysilicon layer 40 is approximately equal to the 
10o thickness of the silicon-germanium base. This layer is heavily and uniformly doped either in-situ 

sU during the deposition or by conventional ion implant and anneals. Prior art layers of this type may 

\[\ result in nonuniform doping and uneven resistance characteristics. 

]" An oxide layer 50 is deposited on top of the polysilicon layer 40 in step 5 and further a 

ffi Nitride layer 60 is deposited on layer 50 in step 6. Although the first six steps in the present 
I5n invention rely on conventional techniques, the ordering of these layers results in benefits and 

advantages that prior art methods do not realize. These multiple layers are used primarily for etch 
stopping purposes. It is also noted that prior art methods may pattern these different types of layers 
sequentially therefore substantially adding to the overall processing time and cost. 

Referring now to FIG. IB, illustrated is the step of forming an emitter window mask as part 
of the method for forming a super self-aligned heteroj unction bipolar transistor. In accordance with 
one embodiment of the present invention the emitter window mask is formed above the Nitride 
layer 60. This step would be step 7 in the overall manufacturing process. The emitter mask will 
essentially determine the emitter to base area and the width of the active regions of the collector. 
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This is therefore critical in determining the transistor characteristics such as current carrying 
capacity. This single step is simultaneously used to define the emitter-base area, the area of the 
active collector, and the area of the active base region, all in a self-aligned manner. 

FIG. 1C is an illustration of some intermediate etching steps 8-10 of the present method. 
5 Once the emitter mask has been formed in step 7, 3 separate etches are implemented. The first etch 
removes the Nitride layer 60 in step 8 and stops on the Oxide layer. In step 9, the Oxide layer 50 is 
removed until the polysilicon layer 40 is reached. In step 10 the polysilicon region 40 is etched 
until the surface oxide layer 30 is reached. These 3 etchings are each done separately by different 
techniques as the difference in chemical composition of each layer requires different etchings. The 
100 techniques used for example would be wet etching with hydrofluoric acid solutions for thin oxide 
\B layers, or plasma etching methods used for thicker silicon nitride or silicon dioxide layers. The 
benefit of this process is that the multiple etching allows for precise control of vertical etch depth 
because the etching will essentially stop when the relevant etch-stop layer is exposed. In other 
m words, alternating the composition of the layers requires and results in a more manufacturable 
13fl process. 

FIG. ID is an illustration of the step 11 of the present invention. Step 11 consists of doping 
the collector with phosphorus or arsenic (any n-type dopant, assuming the device in question is an 
npn type transistor). As is conventional, a highly doped collector region increases the gain and 
current carrying capacity of the device. The emitter mask formed in step 7 previously ensures that 
20 the doped region of the collector will be the same width as the emitter area. This produces the super 
self-aligned structure as desired. It is noted that conventional methods would not dope the collector 
at this point in the process. 
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FIG. IE is an illustration of the critical etching steps in the method for forming a super self- 
aligned heterojunction bipolar transistor. In step 12 the polysilicon layer 40 is etched laterally. This 
etching removes layer 40 and in this area the base region of the transistor will be formed. As was 
described above the layer 40 is heavily doped in order to reduce the base resistance of the 
5 transistor. There is however a limit on how heavily this area can be doped as determined by 
transistor voltage breakdown. Prior art super self-aligned structures do not perform this step of 
lateral etching to create the base region. Prior art methods would have the emitter, base and 
collector regions all exactly the same width as determined by the emitter mask dimensions. 
Additionally, the technique described here allows for precise self-aligned control of the extrinsic 
100 (heavily doped) base region to intrinsic (lightly doped) base region. This is an important advantage 
W for base resistance reduction and control. The problems of prior art devices arise when the 
!*{ polysilicon layer 40 diffuses into the base region. This increases base resistance and lowers power 

gain of the transistor. By isotropically laterally etching a length L , the polysilicon layer 40 is 
m moved away from the active base region where the bulk of the current will flow. This ensures 
15H favorable base region operation with low recombination current and high gain. It is also a feature of 
\^ the present invention that transistor breakdown characteristics are enhanced. By removing the 
polysilicon layer 40 away from the active collector region, transistor breakdown voltage is 
increased (increased BVcbo, BVceo, BVces, BVecs, BVebo). This further reduces capacitance 
effects between the base and collector regions. A reduction in this capacitance will increase the 
20 frequency response of the device. In particular, the unity power gain frequency (Fmax) will be 
increased. Prior art methods do not approach the present inventions' level of control over the base 
region size. By varying the distance L, the base region may be conformed to provide the desired 
electrical characteristics. For example a larger L may result in better gain while a smaller L may 
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result in better frequency response (through reduction in base resistances). This allows for 
substantial improvements in device manufacturing. By properly selecting the distance L, the 
transistor gain and frequency response may be optimized. The horizontally etched region allows 
the space between active and inactive base regions to be precisely controlled. This step also allows 
the controlled spacing of extrinsic to active emitter and collector regions 

Another advantage of the present invention is that creating a larger base region by 
horizontal etching allows for the collector region to be more heavily doped since the self-aligned 
nature of the selectively implanted collector region (SIC) - active base will avoid the extrinsic base 
region of low breakdown. As was described above in step 11, the collector is doped with 
phosphorus or arsenic in order to improve the gain characteristics, improve the maximum current 
carrying capacity and speed (fr of the transistor) and power gain (fmax). . 

FIG. IF is an illustration of etching step 13 in the present method. This step removes the 
surface oxide layer 30 that has shielded the collector region up to this point. This process is 
performed by a wet etching to avoid any residual damage to the silicon surface that is exposed. It is 
noted that at this point in the process, the collector region surface has not seen any type of 
processing which greatly improves transistor yield and leakage current. Additionally, step 13 
prepares the collector surface for the SiGe deposit that will form the base region of the transistor. 

FIG. 1G shows the selective depositing (using chemical vapour deposition techniques) of 
SiGe that forms the base region. The selective deposition of this active base region allows the 
doping profile to be tailored for the active device only, without regard to the requirements of the 
extrinsic base region (which should be very highly doped for low resistance). This would be step 
14 in the overall process. 
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FIG. 1H is an illustration of the formation of the emitter region of the transistor. Step 15 
shows depositing the emitter area while step 16 shows emitter doping. The emitter doping could be 
either in-situ during the emitter deposition or through conventional ion-implantation techniques. 
An annealing step is normally required to activate the emitter dopant. 
5 FIG. II shows the final processing steps 17-18. These steps consist of patterning and 

etching the emitter and then (optionally) implanting the extrinsic base material to further lower the 
extrinsic base resistance. 

The above steps provide substantial benefits over conventional methods of forming super 
self-aligned devices. The order of the steps, the compounds used, and the etching processes, 
ltf combine to form a transistor whose electrical characteristics surpass current standards, 
jg As the present invention may be embodied in several forms without departing from the 

In spirit or essential characteristics thereof, it should also be understood that the above-described 
\u embodiments are not limited by any of the details of the foregoing description, unless otherwise 
y specified, but rather should be construed broadly within its spirit and scope as defined in the 
l£j appended claims, and therefore all changes and modifications that fall within the metes and bounds 
\2 of the claims, or equivalence of such metes and bounds are therefore intended to be embraced by 
the appended claims. 

What is claimed is: 

20 
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